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Complex intrinsic and extrinsic mechanisms determine neural cell fate during development of the nervous system. Using Id4 deficient mice,
we show that Id4 is required for normal development of the central nervous system (CNS), timing neural differentiation in the developing
forebrain. In the absence of Id4, the ventricular zone of the neocortex, future hippocampus as well as lateral and medial ganglionic eminences
exhibited a 20–30% reduction in mitotic neural precursor cells (NPCs). Although the number of apoptotic cells was significantly increased, the
neocortex of Id4/ embryos was consistently thicker due to premature neuronal differentiation, which resulted in an increase in early-born
neurons in the adult Id4/ cortex. Late-born cortical neurons and astrocytes in the cortex, septum, hippocampus and caudate putamen of Id4/
adult brains were decreased, however, likely due to the depletion of the NPC pool. Consequently, adult Id4/ brains were smaller and exhibited
enlarged ventricles. In vitro analysis of neurosphere cultures revealed that proliferation of Id4-deficient NPCs was impaired and that BMP2-
mediated astrocyte differentiation was accelerated in the absence of Id4. Together, these in vivo and in vitro data suggest a crucial role for Id4 in
regulating NPC proliferation and differentiation.
D 2005 Elsevier Inc. All rights reserved.
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Development of the nervous system is a complex
process in which multipotent neural precursor cells (NPCs)
give rise to lineage restricted progenitors, followed by cell-
type restricted precursor cells that differentiate into mature
neurons and glial cells (Anderson, 2001; Gage, 2000).
Extrinsic signals and intrinsic mechanisms have been
described that are involved in the fate of these cells
(Frisen and Lendahl, 2001; Vetter, 2001). Basic helix–
loop–helix (bHLH) proteins, such as neurogenin-1 and -2
and Mash1, have been shown to promote neuronal differ-
entiation and inhibit glial cell differentiation (Nieto et al.,0012-1606/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
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New York, USA.2001; Sun et al., 2001). Bone morphogenetic proteins
(BMPs) and Notch signalling inhibit neurogenesis by
inducing inhibitory transcription factors, such as Hes
proteins (Kageyama et al., 1997; Mehler et al., 1997;
Nakashima et al., 2001). In addition, Notch and BMPs can
induce astrocyte differentiation (Furukawa et al., 2000;
Gaiano et al., 2000; Gross et al., 1996; Morrison et al.,
2000; Nakashima et al., 2001; Yanagisawa et al., 2001).
Intracellular factors that regulate oligodendrocyte specifi-
cation and differentiation have also been described. Two
bHLH proteins (Olig1 and 2) have been isolated that are
specifically expressed in oligodendrocyte lineage cells (Lu
et al., 2000; Zhou et al., 2000), and it was shown that,
within the ventral spinal cord, Olig2 first specifies motor
neurons (in combination with Ngn1/2 and Pax6) and
subsequently oligodendrocyte progenitors (in combination
with Nkx2.2) (Kessaris et al., 2001; Marquardt and Pfaff,
2001; Mizuguchi et al., 2001; Novitch et al., 2001; Zhou
et al., 2001).280 (2005) 386–395
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protein family (Benezra et al., 1990), which regulates cell
proliferation and differentiation in many different devel-
opmental pathways by antagonising bHLH protein function
(Norton et al., 1998; Ruzinova and Benezra, 2003; Yokota,
2001). During mouse embryogenesis, Id4 expression is
essentially restricted to the developing nervous system,
whereas expression of Id1–3 is much more widespread (Jen
et al., 1997; Riechmann and Sablitzky, 1995). Early in
neurogenesis, Id4 expression is prominent in the ventricular
zone (VZ) of specific regions of the central nervous system
(CNS), including the developing forebrain. Later, Id4
expression is also apparent in the cortical plate of the
telencephalon and the subventricular zone (SVZ) of the
basal ganglia (Jen et al., 1997). Some Id4 expression is
observed in postnatal and adult brain (Andres-Barquin et al.,
2000; van Cru¨chten et al., 1998).
Earlier data indicated that Id4 is involved in glial cell
development. Id4 expression was down-regulated in
cAMP-induced astrocyte differentiation, and overexpres-
sion of Id4 in an astrocyte-derived cell line induced
apoptosis (Andres-Barquin et al., 1999). In the developing
rat optic nerve, Id4 was strongly expressed in immature
oligodendrocyte precursor cells (OPCs), and this expres-
sion decreased with age and during culture (Kondo and
Raff, 2000). Moreover, enforced expression of Id4 blocked
OPC differentiation in vitro (Kondo and Raff, 2000).
Recently, it was shown that the inhibitory effect of BMP4
on oligodendrocyte differentiation was mediated by Id2
and Id4 through interaction with both oilig1/2 and E2A
proteins (Samanta and Kessler, 2004).
We have generated Id4 knockout mice to analyse Id4
function in CNS development. During embryogenesis,
lack of Id4 resulted in a marked morphological alteration
of the developing forebrain. The VZ of the neocortex,
future hippocampus and basal ganglia was significantly
reduced and exhibited a 20% and 30% decrease in
mitotic NPCs at 12.5 and 14.5 dpc, respectively. TUNEL
analysis of the developing forebrain demonstrated up to a
3.5-fold increase in apoptosis in the VZ of Id4/
embryos. In addition, Id4/ embryos exhibited a
significant increase in post-mitotic hIII-tubulin+ neurons,
thickening the neocortex. Altered cell fate in Id4/
embryos resulted in marked morphological alteration of
adult brains that were smaller in size and exhibited
enlarged ventricles. Premature neuronal differentiation in
Id4/ embryos resulted in an increase in early-born
neurons forming layer VI of the cortex and a decrease in
late-born neurons in layers IV and II/III. In addition, the
density of S100h+ astrocytes was reduced by 15–30% in
the cortex, septum and caudate putamen, and the density
of GFAP+ astrocytes was similarly reduced. In vitro
analysis of neurospheres, established from embryonic and
adult brains, showed that proliferation of Id4-deficient
NPCs was impaired and BMP2-mediated differentiation
of astrocytes was significantly accelerated in the absenceof Id4. CNTF-mediated astrocyte differentiation of adult
Id4/ NPCs, however, was not affected. Together, these
results suggest that Id4 regulates NPC proliferation and
differentiation into neurons and astrocytes.Materials and methods
Id4 mutant mice
The 3V end of the Id4 gene (van Cru¨chten et al., 1998),
including the region encoding the HLH domain, was replaced
with a lacZ/neomycin cassette by homologous recombina-
tion in E14.1 embryonic stem (ES) cells (van Cru¨chten,
1997). Aggregation of targeted ES cells with CD1-derived
morulae established chimeric mice (Tanaka et al., 2001) that
were crossed with CD1 mice to generate heterozygous Id4
mutant mice. PCR amplification for Id4, h-actin and lacZ
was done as described (Riechmann et al., 1994). Primers:
lacZ sense, 5VCGTCGTGACTGGGAAAACCC; lacZ anti-
sense, 5VCGCGTAAAAATGCGCTCAGG.
Immunohistochemistry and neurosphere culture
Mouse embryos (12.5 or 14.5 dpc) and adult brains
(4 or 6 months) were dissected, fixed in paraformalde-
hyde, embedded in paraffin wax and sectioned according
to standard methods. Antigenic targets were retrieved
using either 0.1% Triton X-100 permeabilisation (GFAP,
N200 and hIII-tubulin), microwave treatment (H3P
(Sablitzky et al., 1998)), enzymatic digestion (Autozyme
Kit, Abcam; nestin and reelin) or pre-treatment with 2 M
HCl plus 0.3% Triton X-100 and 0.1 M Borate buffer to
neutralise (BrdU). Pre-treated sections were incubated
with primary antibody for 1 h (1:300 anti-N200, 1:400
anti-GFAP, Sigma) or 3 h (1:200 reelin, Chemicon) at
RT or overnight at 48C (1:50 anti-BrdU, DAKO; 1:100
anti-H3P, Upstate; 1:200, anti-S100h, Sigma; 1:100 anti-
nestin, BD Biosciences; 1:100 anti-hIII-tubulin, Promega)
and subsequently incubated with fluorescent conjugated
secondary antibodies (1:300–1:400 Alexa 546 goat anti-
mouse, 1:400 Alexa 546 goat anti-rabbit, 1:200 Alexa
488 goat anti-mouse, Molecular Probes). Anti-S100h was
detected using biotin-conjugated goat anti-mouse anti-
body (DAKO) and visualised by DAB staining. TUNEL
analysis was performed using Promega’s Dead End
Fluorometric kit. DAPI (1 Ag/ml) or propidium iodide
(PI, 1 Ag/ml) was used to visualise cell nuclei. Analysis
used an Axioskop 2 MOT microscope with AxioVision
software.
Neurospheres were prepared from the telencephalon of
14.5 dpc embryos (Nakashima et al., 1999) or from the
VZ/SVZ of 2 month old mice using the papain dissociation
system (Worthington, Freehold, NJ). Cells were resus-
pended in serum-free DMEM/F12 medium containing N2
supplement (Invitrogen), basic fibroblast growth factor
Fig. 1. Establishment of mutant Id4 mice. (A) Gene inactivation of Id4. A
lacZ/neo gene cassette replaced 220 bp of the Id4 coding region including
the HLH domain. (B) RT-PCR analysis of brain and testis from wild-type
(+/+), heterozygous (+/) and homozygous (/) Id4 mice. Lack of
amplification of the Id4 HLH region confirmed inactivation of the Id4 gene
in / mice. Amplification of lacZ indicated expression of the mutant Id4/
lacZ fusion gene in +/ and / tissues. h-actin amplification served as a
control for the amount of input cDNA. Negative and positive PCR control
reactions are as indicated. RT: reverse transcriptase.
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(EGF, 20 ng/ml, Peprotech), penicillin and streptomycin
(Invitrogen). To expand Id4/ neurospheres, culture
supernatant of wild-type neurospheres was added to 20%.
After 6 days for wild-type or 12 days for Id4/ cells in
culture, the neurospheres were collected by centrifugation
and resuspended in medium. For astrocyte differentiation,
the spheres were attached on poly-d-lysine (PDL, 15 mg/
ml, Sigma) and fibronectin (1 mg/ml, Invitrogen) coated 8-
well chamber slides (Nunc) in bFGF and EGF. The
following day, the medium was replaced with medium
containing CNTF (20 ng/ml) or BMP2 (10 ng/ml,
Peprotech) (Nakashima et al., 1999). Cells were fixed in
paraformaldehyde and immunolabelled for nestin (1:100)
or GFAP (1:100) followed by FITC-conjugated goat anti-
mouse IgG (1:100, Jackson ImmunoResearch (Kondo and
Raff, 2000)).
Wild-type and Id4/ NPCs were infected with a control
BabeG vector or a recombinant retrovirus expressing Id4
(BabeG-Id4 (Kondo and Raff, 2000)) overnight, washed and
then cultured for a further 2 days. Efficiency of viral
infection was about 40%. To examine the proliferation of
NPCs, BrdU (20 AM) was added after 3 days; 6 h later, the
cells were fixed, stained for BrdU and the proportion of
GFP+ cells that were BrdU+ determined.
Statistical analysis
In order to estimate the confidence limits for a data point,
the standard error of the mean of the samples was calculated
according to the equation dSample Mean +/ ts / MnV,
where n is the sample size, s is the standard deviation of the
sample and t is the t distribution value for n  1 degrees of
freedom. 95% confidence limits were used in all cases. To
calculate the probability that two data sets were different, a
two tailed Student’s t test was used, assuming unequal
variances. The resulting probability represents the likelihood
that the two samples are from populations with the same
mean. P b 0.05 was used as the significant level to show
that two data sets were different.Results
Establishment of Id4 mutant mice
A fragment encoding the HLH domain and most of the C-
terminus of Id4 (Riechmann et al., 1994; van Cru¨chten et al.,
1998) was replaced with a lacZ/neomycin reporter gene
cassette via homologous recombination in embryonic stem
cells (Fig. 1A; van Cru¨chten, 1997). The lacZ gene was in-
frame, allowing expression of an Id4/lacZ fusion gene
encoding the N-terminal 65 amino acids of Id4 fused to h-
galactosidase. Following generation of Id4 mutant mice, RT-
PCR analysis of total RNA isolated from brain and testis
indicated that homozygous Id4 mutant mice lacked mRNAencoding the HLH domain of Id4 and expressed the Id4/lacZ
fusion transcript, confirming targeting of the Id4 gene (Fig.
1B). Whole mount X-gal staining (Gossler and Zachgo,
1993) revealed that expression of the Id4/lacZ fusion gene
was temporally and spatially similar to the endogenous Id4
gene expression (see Supplementary Fig. 1). Offspring from
heterozygous inter-crosses were genotyped at weaning and
the ratio wild-type/heterozygous/homozygous mutant mice
was 1:1.84:0.51 (n = 308), indicating approximately 50% of
Id4/ mice died either in uteri and/or neonatally. In
addition, a number of the surviving homozygous mutant
mice lost weight rapidly and died (data not shown). Overall,
about 20% of Id4/ mice survived to adulthood when kept
in conventional environments.
The ventricular zone of the neocortex, future hippocampus,
LGE and MGE exhibits a 20–30% reduction in mitotic
NPCs in Id4/ embryos
Histological analysis of serial sections through entire 12.5
and 14.5 dpc embryonic brains revealed a marked morpho-
logical alteration restricted to the developing Id4/ fore-
brain (Fig. 2). The subpallial sulcus separating the basal
ganglia (lateral ganglionic eminence (LGE) and medial
ganglionic eminence (MGE)) was less pronounced (arrow in
Fig. 2. Morphological alterations in the developing forebrain of Id4/
embryos. Horizontal sections of 12.5 (A,B) and 14.5 (C,D) dpc wild-type
(A,C) and Id4/ (B,D) embryos stained with PI (A,B) or DAPI (C,D).
Future hippocampus (hp), neocortex (neo), LGE and MGE as indicated.
Short arrows point to the subpallial sulcus separating the LGE and MGE.
Double headed arrows indicate thickening of the neocortex. Boundaries of
morphological distinct areas are indicated with lines. Scale bars: 100 Am.
Fig. 3. 20–30% reduction in mitotic NPCs in the developing forebrain of
Id4/ embryos. Immunohistochemical detection of NPCs undergoing
mitosis using a H3P antibody at 12.5 (A,B) and 14.5 (C,D) dpc in control
(A,C) and Id4/ (B,D) forebrains. Future hippocampus (hp), neocortex
(neo), LGE and MGE as indicated. Short arrows point to the subpallial
sulcus separating the LGE and MGE. Boundaries of morphological distinct
areas are indicated with lines. Scale bars: 100 Am. Quantification of NPCs
undergoing mitosis at 12.5 (E) and 14.5 (F) dpc. Total number of H3P+
nuclei at the apical surface was counted for neo and hp, LGE and MGE and
the ratio of mutant to wild-type was determined. Black bars: wild-type,
open bars: Id4 mutant. Error bars indicate standard error of the mean with
95% confidence.
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of embryogenesis (Fig. 2). In addition, the VZ of the
neocortex and future hippocampus was reduced in 12.5 and
14.5 dpc Id4/ embryos compared to littermate control
embryos (Fig. 2). Analysis of serial sections indicated that
these alterations were apparent throughout the entire fore-
brain of Id4/ embryos, indicating an overall reduction in
the VZ of the neocortex, future hippocampus, LGE and
MGE by about 25%. Accordingly, the lateral ventricles of
Id4 deficient embryos were much smaller compared to wild-
type as well as heterozygous littermate controls. In addition,
the Id4/ neocortex appeared marginally, but consistently
thicker than control embryos (double headed arrows in Fig. 2
and also see Fig. 5).
We next utilised an antibody that recognises the
phosphorylated form of histone 3 (H3P), which is only
present in mitotic nuclei, to determine the number of cells
undergoing mitosis. As shown in Fig. 3, mitotic nuclei
within the VZ lined up along the apical surface character-
istic for NPCs undergoing asymmetric division (Haubensak
et al., 2004; Noctor et al., 2004). In addition, mitotic nuclei
were dispersed throughout the basal surface of the VZ,
representing intermediate progenitors that divide once
symmetrically to generate post-mitotic neurons (Noctor et
al., 2004; Wang et al., 2001). The total number of mitotic
nuclei along the apical surface of the neocortex, future
hippocampus, LGE and MGE was decreased by about 20%
at 12.5 dpc (Fig. 3E) and about 30% at 14.5 dpc (Fig. 3F)
in Id4/ embryos compared to littermate control embryos.
Since the density of mitotic nuclei along the apical surface
was similar in wild-type and mutant embryos, the observed
morphological alterations in Id4/ embryos are likely aconsequence of a net loss of NPCs, implicating a role for
Id4 in the expansion of the proliferative zone in the
developing forebrain.
Lack of Id4 results in increased apoptosis and premature
neuronal differentiation
Several studies suggest that apoptosis during the early
expansion phase of NPCs is associated with a failure of
self-renewal mechanisms (Panchision and McKay, 2002).
To test whether apoptosis was affected in the developing
forebrain of Id4/ embryos, we utilised the TUNEL assay
to label cells undergoing apoptosis. In order to quantify the
number of apoptotic cells, the morphologically affected
area was divided into MGE, LGE, neocortex and future
hippocampus as shown in Fig. 3. Apoptotic cells were
detectable within the VZ of wild-type forebrains at 12.5
dpc (Fig. 4A), reflecting the dnormalT apoptosis of neuro-
epithelial cells occurring during neurogenesis (Sommer and
Fig. 4. Increased apoptosis in the developing forebrain of Id4/ embryos.
TUNEL analysis to determine the number of apoptotic cells in wild-type
(A) and Id4/ (B) forebrains. Apoptotic cells are represented as small
fluorescent dots, some of which are indicated by large arrows. Arrowheads
indicate auto-fluorescence derived from blood vessels and erythrocytes.
Quantification of the number of apoptotic cells at 12.5 (C) and 14.5 (D)
dpc. Total number of TUNEL positive cells in neocortex and future
hippocampus (neo/hp), LGE and MGE (boundaries as indicated in Fig. 3)
was determined and the ratio of mutant to wild-type calculated. Black bars:
wild-type, open bars: Id4 mutant. Error bars indicate standard error of the
mean with 95% confidence.
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developing forebrain of Id4/ mice, a reduction in the
number of apoptotic cells would be expected if apoptosis
was unaffected. However, the opposite was observed. InFig. 5. Premature neuronal differentiation in the neocortex of Id4/ embryos. Im
(E–L) antibodies to identify NPCs and post-mitotic neurons, respectively, in the
embryos at 12.5 (A,B,E,F,I,J) and 14.5 (C,D,G,H,K,L) dpc. VZ: ventricular zonId4/ embryos, the total number of apoptotic cells was
significantly increased compared to control embryos. At
12.5 dpc, a 3.5-fold increase in apoptotic cells was
observed in the VZ of the LGE, a 2.5-fold increase in
the MGE and a 1.8-fold increase in the neocortex and
future hippocampus (Fig. 4C). Although the increase in
apoptotic cells observed in the LGE and MGE of Id4/
embryos at 14.5 dpc was not statistically significant,
apoptosis in the VZ of the neocortex and future hippo-
campus was still significantly elevated, 1.8-fold (Fig. 4D
and data not shown).
To analyse neuronal differentiation in 12.5 and 14.5 dpc
embryos, we utilised nestin and hIII-tubulin as markers for
NPCs and early post-mitotic neurons, respectively (Mignone
et al., 2004). As shown in Figs. 5A–D, the density of nestin+
cells in the VZ of the developing forebrain was similar in
wild-type and Id4/ embryos, confirming the results
described above that the density of mitotic NPCs is unaltered
in Id4-deficient mice. However, a marked difference was
observed when adjacent sections were stained for hIII-
tubulin, which is expressed in post-mitotic neurons forming
the pre-plate, as well as by tangentially migrating interneur-
ons (Anderson et al., 2001) and the afferent and efferent
axonal fibers (Menezes and Luskin, 1994) forming the
intermediate zone. At 12.5 dpc, hIII-tubulin+ neurons were
detectable at the pial surface (Fig. 5). As depicted in Figs. 5I
and J, the pre-plate in Id4/ embryos at 12.5 dpc is slightly
thicker (~25 Am) than in the control (~15 Am), containing
approximately 1 more layer of hIII-tubulin+ neurons. At 14.5
dpc, the Id4/ pre-plate was about 20–30 Am thicker than
the control, exhibiting 2–3 more layers of hIII-tubulin+
neurons (Figs. 5K, L). In addition, the area between the pre-
plate and VZ containing hIII-tubulin+ neurons was increased
1.7-fold in the Id4/ neocortex (Figs. 5K, L). Since it ismunohistochemical analysis using nestin- (A–D) and hIII-tubulin-specific
developing forebrain of wild-type (A,C,E,G,I,K) and Id4/ (B,D,F,H,J,L)
e, PP: pre-plate. Scale bars: 100 Am.
Fig. 6. Morphological alterations in adult Id4/ brains. (A) Dorsal view of
whole brain (cleared) and (B,C,D) horizontal (phase contrast), coronal
(unstained) and sagittal (Haematoxylin/Eosin stained) sections of whole
brain, respectively. The left side of A–D represents wild-type adult brains
and the right side of A–D Id4/ adult brains. C: cortex, CP: caudate
putamen, DG: dendate gyrus, LV: lateral ventricle, S: septum, T: thalamus.
Representative results from six Id4/ brains analysed are shown. Olfactory
bulbs are not shown in panels B and D. Boxed region in panel C represents
the area shown in Fig. 7. Scale bar in panel A: 1 mm.
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migrating interneurons forming the intermediate zone, these
results together suggest that Id4-deficient NPCs derived
from the neocortex and basal ganglia withdraw from the cell
cycle and differentiate prematurely. Together with the
increase in apoptosis described above, premature neuronal
differentiation provides a plausible cause for the observed
reduction in NPCs in Id4/ embryos.
Shift from late- to early-born neurons in the cortex and loss
of astrocytes in adult Id4/ brain
Morphological analysis of wild-type and Id4/ brains
from 4 and 6 month old mice revealed a reduced overall size
of the whole Id4/ brain compared to wild-type (Fig. 6A).
Derivatives of the dorsal telencephalon, such as the cortex,
hippocampus and olfactory bulb, as well as of the ventral
telencephalon, such as the caudate putamen, were smaller,
but the lateral ventricles were greatly enlarged in Id4/
brains compared to wild-type controls (Figs. 6B–D). In
addition, the thalamus and colliculus appeared smaller in
Id4/ brains. With the exception of layers II/III of the cortex
(see below), the density of Nissl-positive cell bodies was
indistinguishable and that of neurofilament positive (N200+)
neurons appeared similar in wild-type and Id4/ brains (see
Supplementary Fig. 2), suggesting an overall loss of neurons
in Id4/ brains proportional to the observed size reduction.
However, premature differentiation in the embryo would
result in an increase in those cell types formed early in
development and the ensuing depletion of NPCs would
cause a decrease in late-born cells. The cortex is built up of
layers that are formed in a time-dependent manner from
around 11 to 17 dpc (Menezes and Luskin, 1994). Nissl
staining of coronal sections of adult brains showed that the
cortical layers of Id4/ mice were altered. Layer I, which
is formed by the earliest-born neurons of the cortex (Cajal-
Retzius cells), appeared slightly thicker in the mutant brain,
but layer VI, which is formed by early-born neurons, was
significantly enlarged by approximately 25% (Fig. 7). In
contrast, layers IV and II/III, which are formed by late-born
neurons, were reduced by ~35% and ~15%, respectively. In
addition, the density of neuronal cell bodies in layers II/III
was decreased by ~40% (Figs. 7A, B). Thickness of layer
V, on the other hand, which in adult brains contains most of
the reelin positive neurons of the cortex (Pesold et al.,
1998; Figs. 7C, D) seemed unaltered. Together, these data
indicate a shift from late- to early-born neurons in the
cortex of Id4/ brains.
During mammalian development, NPC differentiation is
temporally controlled, giving rise to neurons during
embryogenesis, to astrocytes around birth and to oligoden-
drocytes postnatally. Cortical astrocytes are born in the
proliferative zone of the neocortex and migrate locally.
Analysis of Id4/ brains using S100h as a marker for
astrocytes revealed that the density of astrocytes in the
cortex was reduced by ~26% (P = 6.3  108; Figs. 8A–C).This was also observed in the septum (~33% reduction; P =
8.5  106) and the caudate putamen (~18% reduction; P =
0.017; Fig. 8C). In addition, the density of glial fibrillary
acidic protein positive (GFAP+) astrocytes was clearly
reduced in the dentate gyrus, CA2 and CA3 area of the
hippocampus, thalamus and colliculus (Figs. 8D, E and data
not shown). Given that the density of Nissl-positive cell
bodies and N200+ neurons in these regions was unchanged
(see Supplementary Fig. 2), the reduced density of
astrocytic markers indicates a disproportional loss of
astrocytes in the Id4/ brain.
Fig. 7. Increase in early-born and decrease in late-born neurons in the cortex
of adult Id4/ brains. Comparison of cortical layering between wild-type
(A,C) and Id4/ (B,D) brains stained with Nissl (A,B) or anti-reelin
antibody (C,D). Cortical layers determined by Nissl staining are as
indicated. Images shown are from adjacent coronal sections covering a
region ~458 from the midline, corresponding to the boxed area in Fig. 6.
Scale bars: 100 Am.
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proliferation and accelerated BMP2-mediated astrocyte
differentiation in vitro
Cells from either the telencephalon of 14.5 dpc
embryonic brains or the VZ/SVZ of adult brains were
isolated and cultured in the presence of bFGF and EGF toFig. 8. Disproportional loss of astrocytes in adult Id4/ brains. Immuno-
histochemical analysis of astrocytes (S100h+, A,B; GFAP+, D,E) in wild-
type (A,D) and Id4/ (B,E) adult brains using coronal (A,B) or horizontal
(D,E) sections. Scale bars are 100 Am (A,B) and 50 Am (D,E). (I)
Quantification of S100h+ astrocytes in cortex, septum and caudate
putamen. The density of S100h+ astrocytes was determined and the
number relative to the wild-type control calculated. Black bars: wild-type,
open bars: Id4/ brains. Arrow bars indicate standard error of the mean
with 95% confidence.establish neurospheres. When cultured on PDL/fibronectin-
coated slides, the cells expressed nestin but not markers of
mature neural cells, such as neurofilament or GFAP (Fig.
9A and data not shown). Formation of neurospheres from
Id4/ brains, however, was delayed, and BrdU labelling
experiments revealed that embryonic and adult Id4/
NPCs incorporated about 20% and 50% less BrdU,
respectively, than wild-type NPCs (Fig. 9B and data not
shown). Ectopic expression of Id4, utilising a retroviral
vector expressing Id4 (BabeG-Id4; Kondo and Raff, 2000),
reverted the mutant phenotype of adult Id4/ NPCs to
wild-type growth (Fig. 9B). A control vector, not express-
ing Id4, had no effect (data not shown).Fig. 9. Establishment and analysis of neurospheres from embryonic and
adult brain. (A) NPCs from wild-type (WT) and Id4/ adult brains
stained with anti-nestin antibody (green) and PI (red; merged images as
indicated). (B) BrdU incorporation of wild-type (+/+) and Id4/ (/)
NPCs. Parallel cultures were infected with the BabeG control virus (not
shown) or the BabeG-Id4 virus (Id4 v). The proportion of GFP-expressing
cells that were BrdU+ is shown as the mean SD of 3 cultures. * Indicates
a significant difference ( P b 0.01) compared to the result with wild-type
NPCs when analysed by Student’s t test. (C) Time course of BMP2-
mediated astrocyte differentiation showing GFAP+ cells (red) after 0, 24
and 72 h in culture. (D) Quantification of GFAP+ cells after wild-type (+/+)
and Id4/ NPCs (/) from either 14.5 dpc or adult brains were cultured
in the presence of BMP2 for 48 h. Error bars indicate standard error of the
mean of at least three independent experiments.
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to differentiate into astrocytes in vitro, neurospheres were
cultured under appropriate growth conditions known to
support astrocyte differentiation. In the presence of CNTF,
no significant difference in astrocyte differentiation was
observed using neurospheres that were derived from adult
brains. Both wild-type and Id4/ cultures contained less
than 5% GFAP+ cells after 48 h (data not shown).
However, in the presence of BMP2, astrocyte differ-
entiation was greatly accelerated in both embryonic and
adult Id4/ neurosphere cultures. GFAP+ cells were
readily detectable after 24 h (Fig. 9C) and after 48 h of
culture more than 70% of Id4/ NPCs from both
embryonic and adult brain had differentiated into GFAP+
astrocytes (Fig. 9D). In contrast, wild-type neurosphere
cultures took 72 h before a similar amount of GFAP+
astrocytes were detectable (Fig. 9C), after 48 h less than
2% of embryonic and 12% of adult wild-type cells were
GFAP positive (Fig. 9D). These in vitro data imply a role
for Id4 in NPC proliferation and timing of BMP2-mediated
astrocyte differentiation.Discussion
By antagonising bHLH proteins that are required for
normal cell-cycle withdrawal and differentiation, Id pro-
teins tend to promote proliferation and inhibit differ-
entiation. Loss of Id1 and Id3 proteins resulted in
premature exit from the cell-cycle and premature neuronal
differentiation in vivo (Lyden et al., 1999). In vitro, both
Id2 and Id4 have been shown to regulate the timing of
OPC differentiation, and lack of Id2 caused premature
differentiation of OPCs (Kondo and Raff, 2000; Wang
et al., 2001).
During neurogenesis, proliferation of NPCs and their
differentiation into post-mitotic neurons or glial cells must
be carefully balanced to ensure sufficient generation of
neural cells. Here, we present evidence that Id4 is a crucial
regulator of CNS development, regulating NPC prolifer-
ation, expansion and differentiation.
Impaired NPC proliferation
In the absence of Id4, neurogenesis in the developing
forebrain was severely affected, resulting in an overall
reduction in forebrain size. The number of mitotic NPCs
in the VZ of the developing forebrain of Id4/ embryos
was reduced by 20% at 12.5 dpc and by 30% at 14.5
dpc, suggesting a progressive loss of NPCs and
implicating Id4 function in the control of NPC prolifer-
ation. Indeed, Yun et al. (2004) recently reported
evidence that the G1–S transition of neuroepithelial cells
lacking Id4 is prolonged and conclude that the reduced
brain size is, in part, due to a compromised cell cycle
transition of early neural stem cells. Our in vitro datashowing impaired proliferation of embryonic and adult
Id4/ NPCs derived from neurosphere cultures are in
line with this interpretation, indicating that Id4 is required
for normal NPC proliferation and expansion in the
developing forebrain.
Increased apoptosis
Impaired NPC proliferation was accompanied by
increased apoptosis in Id4/ embryos. At 12.5 dpc, the
number of apoptotic cells in the LGE, MGE and neocortex/
hippocampus was increased 3.5, 2.5 and 1.8-fold, respec-
tively. At 14.5 dpc, apoptosis was also significantly
increased in the neocortex/hippocampus (1.8-fold). In
contrast, Yun et al. (2004) reported no difference in the
number of apoptotic cells in the Id4/ and control
telencephalon at 11.5, 12.5 or 15.5 dpc. It is possible that
this apparent anomaly is due to the fact that we analysed the
different regions of the developing forebrain separately and
that the highest increase in apoptotic cells was observed in
the LGE at 12.5 dpc. Alternatively, differences in the way
the Id4 gene was targeted and/or the genetic background of
the mice might account for the variability in the phenotypes
of the two Id4/ mice.
Precocious neuronal differentiation
In addition to impaired proliferation and increased
apoptosis, we observed premature neuronal differentiation
in Id4/ embryos. The increase in post-mitotic neurons in
the cortex was more severe at 14.5 than at 12.5 dpc,
suggesting a causal link between increased neuronal differ-
entiation and progressive reduction in mitotic NPCs
described above.
In the mouse, neocortical neurons born between 11 and
17 dpc will form the cortex in an inside out manner, giving
rise to layers I to VI (Caviness, 1982). The time-dependent
stratification allows the identification of cells derived early
and late during its development using Nissl staining of
neuronal cell bodies in the adult brain. With the exception
of Cajal-Retzius neurons, which will become part of the
marginal zone (layer I), early-born neurons will form layer
VI and late-born neurons will form layers IV and II/III of
the adult cortex. As shown in Fig 7, cortical layering in
Id4-deficient brains was markedly altered. Layer VI was
substantially thicker whereas layers IV and II/III were
thinner compared to wild-type brains, indicating an
increase in early- and a reduction in late-born neurons.
Supporting this interpretation, we have preliminary data
suggesting a reduction in GABA+ interneurons in layers II/
III that are born in the basal ganglia and migrate
tangentially (data not shown). Such a shift from late- to
early-born neurons is consistent with the results described
above. Expansion of early-born neurons is likely a
consequence of premature neuronal differentiation ob-
served at 12.5 and 14.5 dpc in Id4-deficient embryos.
L. Bedford et al. / Developmental Biology 280 (2005) 386–395394Loss of late-born neurons, on the other hand, is likely to be
the result of the progressive loss of NPCs observed in the
developing Id4/ forebrains.
Role of Id4 in astrocyte differentiation
To determine whether Id4 plays a role in astrocyte
differentiation, we analysed the number of S100h+ cells in
adult brains. The density of S100h+ astrocytes was
reduced by 33, 26 and 18% in the septum, cortex and
caudate putamen of Id4/ brain, respectively. In addition,
the density of GFAP+ astrocytes was similarly reduced.
The density of Nissl+ cell bodies or N200+ neurons was
unchanged however, indicating a disproportional loss of
astrocytes in Id4 mutant mice. Since astrocyte differ-
entiation follows neuronal differentiation, NPC depletion
early in development would explain a loss of astrocytes in
the adult Id4-deficient mice. However, the observed
disproportional loss of astrocytes suggests an additional
role for Id4 in proliferation and differentiation of astrocyte
precursor cells later in development.
To test this hypothesis, we established neurospheres
from embryonic forebrain and adult VZ/SVZ and induced
astrocyte differentiation. In the presence of CNTF, timing
of astrocyte differentiation was indistinguishable. In
contrast, BMP2-mediated astrocyte differentiation of both
embryonic and adult Id4-deficient NPCs was dramatically
accelerated compared to wild-type NPCs, implicating Id4
as a suppressor of astrocyte differentiation. This is
consistent with previous findings that Id4 expression
decreases in cAMP-induced astrocyte differentiation
(Andres-Barquin et al., 1999). Together with the findings
that BMP4 treatment of NPCs in neurosphere cultures
increased expression of all four Id proteins, including Id4
(Samanta and Kessler, 2004), and BMP-mediated up-
regulation of Id4 in NPCs is transient (T.K. unpublished
observation), Id4 might attenuate BMP signalling to
allow sufficient expansion of the progenitor pool. The
observed disproportional loss of astrocytes in Id4/
brains could therefore be a consequence of an additive
effect due to the progressive loss of NPCs early and late
in development.
Together, the results presented here suggest a critical role
for Id4 in the developing CNS, regulating the timing of
neuronal and astrocyte differentiation, and thus ensuring a
balanced expansion and differentiation of NPCs.Acknowledgments
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